2 20 21 Previous work examining the condensed-phase products of squalene particle ozonolysis found that an increase in water vapor concentration led to lower concentrations of secondary ozonides, increased concentrations of carbonyls, and smaller particle diameter, suggesting that water changes the fate of the Criegee intermediate. To determine if this volume loss corresponds to an increase in gas-phase products, we measured gas-phase volatile organic compound (VOC) concentrations via proton-transfer-reaction time-of-flight mass spectrometry. Studies were conducted in a flow-tube reactor at atmospherically relevant ozone (O 3 ) exposure levels (5-30 ppb h) with pure squalene particles. An increase in water vapor concentration led to strong enhancement of gas-phase oxidation products at all tested O 3
Previous work examining the condensed-phase products of squalene particle ozonolysis found that an increase in water vapor concentration led to lower concentrations of secondary ozonides, increased concentrations of carbonyls, and smaller particle diameter, suggesting that water changes the fate of the Criegee intermediate. To determine if this volume loss corresponds to an increase in gas-phase products, we measured gas-phase volatile organic compound (VOC) concentrations via proton-transfer-reaction time-of-flight mass spectrometry. Studies were conducted in a flow-tube reactor at atmospherically relevant ozone (O 3 ) exposure levels (5-30 ppb h) with pure squalene particles. An increase in water vapor concentration led to strong enhancement of gas-phase oxidation products at all tested O 3 exposures. An increase in water vapor from near zero to 70% relative humidity (RH) at high O 3 exposure increased the total mass concentration of gas-phase VOCs by a factor of three. The observed fraction of carbon in the gas-phase correlates with the fraction of particle volume lost. Experiments involving O 3 oxidation of shirts soiled with skin oil confirms that the RH dependence of gas-phase reaction product generation occurs similarly on surfaces containing skin oil under realistic conditions. Similar behavior is Indoor O 3 concentrations are commonly 20-70% of outdoor levels, with the ratio depending on building air-change rate (ACR), type of ventilation system, and the nature of indoor surfaces 9 . Indoor air is estimated to contribute 25-60% of an individual's daily O 3 exposure. 10 In densely occupied spaces, occupants may be the dominant indoor sinks for O 3 , mainly due to reactions with lipids on their skin, hair, and clothing. 11 Squalene (C 30 H 50 ) constitutes 10% of the mass of human skin lipids, and contributes 50% of the unsaturated carbon bonds. 12 When exposed to O 3 , squalene is quickly oxidized to products that span a wide range of volatility; some products remain in the condensed phase while others become gaseous. 5 Researchers have investigated effects of human occupancy on aircraft cabin air, considering that interior O 3 levels are sometimes elevated in airplanes. 13 Weschler et al. conducted experiments in a simulated aircraft cabin section and found that more than half of the observed oxidation products in the gas phase came from O 3 reacting with human skin lipids. 4 Further work studied O 3 deposition on materials common to aircraft cabin interiors, finding that soiled clothing exposed to O 3 emits 6-methyl-5-hepten-2-one (6-MHO). 14,15 Surface bound squalene was found to have a high reaction probability with O 3 , in the range of 0.5-1  10 -3 , and reaction of ozone with squalene on soiled clothing has been shown to be mass-transport limited. 16-18 Both 4-oxopentanal (4-OPA) and 6-MHO are known respiratory irritants. 19, 20 Acetone and 6-MHO are among the most prominent VOCs emitted from human skin. 21 While acetone is known to originate from a wide variety of sources, including breath, 6-MHO is thought to be specific to squalene oxidation. The high emission rate suggests that squalene oxidation contributes significantly to VOC emissions from human skin. using pure squalene particles in a flow-tube reactor. 22 They showed that water vapor concentration does not affect the rate of squalene ozonolysis, but does substantially change the product composition. Under dry conditions, as O 3 consumes squalene, secondary ozonide concentrations increase in the condensed phase and initial particle volume is reduced by 15%. At 60% RH, condensed-phase ozonolysis products shift from secondary ozonides to carbonyls, and particle volume is reduced by as much as 50%.
Such losses of particle volume should correspond to an increase in gas-phase oxidation products.
For this study, we designed experiments specifically to observe the mass lost to the gas phase and the products formed by O 3 -squalene reactions as a function of RH, and to understand the implications for the fate of the Criegee intermediate on squalene particle surfaces and skin-oil coated clothing. Here, we investigate the gas-phase products from squalene particle ozonolysis in a flow tube reactor, and on skin-oil soiled shirts in a climate chamber. From the flow-tube experiments, we show that the RH dependent loss of particle diameter corresponds to an increase in gas-phase reaction Squalene ozonolysis was carried out in a flow-tube reactor, as described in Heine et al. 22, 23 Liquid squalene in a tube furnace was heated to 145 ºC, generating, by means of homogeneous nucleation, polydisperse particles PTR-TOF-MS is a chemical ionization technique with minimal fragmentation using H 3 O + as the primary reagent ion. PTR-TOF-MS has been previously used to detect gas-phase products of squalene ozonolysis. 2, 4, 5 For these experiments, the instrument was calibrated with a multicomponent VOC gas standard to ensure stability throughout the campaign. Of the compounds reported here, only acetone was determined using a direct calibration. All other compound concentrations were calculated using a default proton transfer reaction rate constant of 2.5  10 -9 cm 3 s -1 for both the primary ion, H 3 O + , as well as for the first water cluster, H 3 O + (H 2 O). Direct calibration accuracies are estimated to be +/-10%, whereas concentration accuracies derived from the default rate constant are typically +/-50%. 25 Increases in RH can cause increases in instrument sensitivities for certain compounds. However, these changes are typically a few percent, much lower than concentration differences reported in this work. 26, 27 10 121 122 123 124 125 Measurements of VOCs at each specified RH and O 3 exposure were made by allowing concentrations in the reactor to stabilize. Once stable, the particle flow was quickly replaced with a flow of N 2 . After 2 min, 95% of the particles were removed from the reactor, and a background concentration was taken. To account for both compounds being desorbed from the flowtube walls as well as compounds being produced by heterogeneous oxidation on the walls, O 3 flow was maintained during the background sampling procedure. The difference between the stable concentration and the background concentration was taken to be the gas-phase concentration attributable to squalene-particle ozonolysis. Tables S1-S5 Outdoor air was used for ventilation. It was filtered using particle and activated carbon filters to avoid interference from outdoor VOCs, and conditioned to reach the required temperature and RH. Ozone was generated (Jelight Model 600 UV) in the HVAC system downstream of the activated carbon filter and continuously introduced into the chamber at levels between 95-100 ppb. The temperature inside the chamber was were maintained for 1.5-2 hours to allow steady-state conditions to be reached. The resulting average RH levels during these three periods were 26%, 41%, and 56%. The final, fourth, RH condition was a decay from 50% to 28% with the humidifier off. The average RH for this period was 33%. water vapor concentration has no effect on the rate of alkene loss. 22 The Criegee intermediate produced by R1 is reactive, and can proceed through R2 or R3, as well as through rearrangement or reactions with carboxylic acids 28, 29 . OPA were found at significantly higher concentrations than geranylacetone. 2 The production of 6-MHO shows strong RH dependence. At all levels of O 3 exposure, an increase in RH leads to an increase in 6-MHO concentration.
As 6-MHO is a primary product that can also be consumed, peak Figure S2 . Figure S3 One fragmentation ion was produced in quantities comparable to those of the dominant products, m/z 43.018 Da, C 2 H 3 O + . This fragment is common to acetic acid and acetate esters, but ions consistent with these parent masses were only found in low concentrations, so it is unassigned. 30 The fragment was found at mixing ratios comparable to 1,4-butanedial, and shows similar responses to RH.
To explore whether our gas-phase measurements agree with the amount of material lost from the particle phase, we summed the amount of carbon detected in the gas-phase products at different levels of RH. We used a carbon-balance approach to test whether the loss of material from the particle phase could be accounted for by generation of gas-phase products. the condensed phase. However, measurements of the change in particle volume can be used as a quantitative indicator for mass loss from the particle. Note that this approach ignores any mass gained by the addition of oxygen to condensed phase products of ozonolysis, as well as any difference in densities between squalene and condensed-phase reaction products.
Despite these limitations, using this approach, there is a clear and strong correlation between the carbon detected in the gas phase and the volume lost from the particle, as shown in Figure 5 . Under dry conditions, at all levels of O 3 exposure, ~20% of the particle volume is lost, and ~20% of the carbon from squalene is found in the gas phase. At higher RH values, both the particle volume lost and the amount of carbon entering the gas phase are more sensitive to O 3 exposure, as shown by the larger spread for these humidified conditions. The highest RH level (70%) gives both the greatest particle volume loss and the largest percent of carbon in the gas phase.
Notwithstanding experimental uncertainties, the evidence displayed in Figure 6 . As shown in Table 1 , the concentration of 4-OPA increased by 5.9 μg m -3 as the RH increased from 26% (point 1) to 44% (point 2). A similar increase of 5.1 µg m -3 was seen in a second cycle as the RH changed from 46% (point 3) to 59% (point 4). The other terminal products (1,4-butanedial, hydroxy acetone, 4-oxobutanoic acid and 5hydroxy-4-oxopentanal/levulinic acid) also showed slightly higher yields during the first RH increase (point 1 to point 2). Although the level of the first-generation products (acetone, 6-MHO and geranylacetone) tended to decrease with time, an increase was still observed in the second step (points 3 and 4) when the RH increased from 46% to 59%. However, unlike 4-OPA, the concentration changes were much lower than during the first RH increase (points 1 and 2), as shown in Table 1 . Effects of RH on squalene ozonolysis have been observed in prior studies. Petrick and Dubowski studied the condensed phase of squalene film oxidation while varying RH, finding that increased RH led to more ketone production. 31 They also note that RH did not influence reaction kinetics, a finding also reported by Fu et al. 32 Wang and Waring examined secondary organic aerosol formation from the ozonolysis of surface-film squalene at 21% RH and 51% RH. 33 At high O 3 exposures, they found that the higher RH increased the aerosol mass fraction (AMF) from squalene. This increase suggests that higher RH leads to more oxidation products entering the gas phase, where they then can condense onto airborne particles. Zhou et al. weight products. 34 Although not quantitatively comparable, these previous studies qualitatively agree that an increase in RH leads to an increase in volatile products from squalene ozonolysis.
Humidity is already known to be an important factor that can influence VOC emissions from materials, compete with VOCs for sorptive uptake, and influence how indoor air is perceived. [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] Humidity is also known to change the rate of uptake of O 3 on indoor surfaces, a relationship that varies among common indoor materials. 45 The effects seen in this study suggest that RH can significantly alter the gas-phase composition of indoor air. In high occupancy settings, skin-oil oxidation can be the dominant source of VOCs, and changes in RH can alter the strength of this source by as much as a factor of 3. 4 dermally, where they might influence health. 19, 47 The large effect of RH on ozonolysis products from squalene, and the potential for the underlying mechanism to act on other alkenes, warrants further research on how humidity may modulate indoor reactive chemistry and its consequences. 
